T"
E DISTRIBUTION OF AGGREGATES of different sizes, abbreviated to aggregate-size distribution, is a consequence of soil structure and is a potentially useful way of expressing structure quantitatively. Fractal analysis, which is based on self-similarity (the manner in which variations on one scale are repeated at another), has been applied to soil since soil is both a fragmented material and a porous medium (Mandelbrot, 1983; Tyler and Wheatcraft, 1989; Rieu and Sposito, 1991a) . Fractal representation of soil is based on pore-space and particle-size distribution, which are useful ways of quantifying soil structure. In this representation, the fractal dimension is an indicator of soil fragmentation and subsequently of soil structure. Rieu and Sposito (1991a) mathematically developed two fractal dimensions for the soil system based on the degree of soil fragmentation. These are D,, the USDA-ARS, Dep. of Agronom Univ. of Nebraska, Lincoln, NE 68583. Contribution of the ~D A -A R S in cooperation with the Nebraska Exp. Stn., Lincoln, NE, as Paper no. 9909. Received 3 Dec. 1992 . 'Corresponding author.
Published in Soil Sci. Soc. Am. J. 57:1337 Am. J. 57: -1341 Am. J. 57: (1993 bulk fractal dimension of an incompletely fragmented soil system, and D, the fractal dimension of a completely fragmented soil or a soil whose aggregate-size distribution is being measured. A soil with clusters of size-scaled, similar partial volumes separated from one another by a network of size-scaled similar fractures is considered to have complete fragmentation (Rieu and Sposito, 1991a) . Incomplete fragmentation is the case where there are interaggregate bridges in the fractures holding the aggregates together. According to Rieu and Sposito (1991a) , the fractal dimension in soil is expected to be < 3 since a solid volume with no porosity would have a dimension of 3. Perfect and Kay (1991) , however, indicated that the D value determined from aggregate-size distribution is a measure of soil fragmentation and showed that it can be as high as 3.5. Generally, improving the structure of a soil would result in the formation of larger aggregates and a decrease in the soil fractal dimension.
Soil structure is difficult to quantify and has often been presented and discussed semiquantitatively, i-e., geometric mean diameter (Fahad et al., 1982) . The purpose of this study was to quantify soil fragmentation, as an indicator of soil structure, for various tillage methods and crop sequences at different times during the growing season using fractal analysis.
MATERLALS AND METHODS

Aggregate-Size Distribution
A tillagexrop sequence experiment was started in 1978 at the University of Nebraska, Rogers Memorial Farm, near Lincoln, NE, on a Sharpsburg soil. The tillage treatments were chisel, disk, no-till, and plow in a randomized complete block with six replicates. Continuous corn was planted on the experimental area through 1984. In 1985, each tillage plot was divided into four subplots (23 m long by 4.6 m wide each) to which four crop sequences were assigned. The crop sequences were C-C-C, C-S-C, S-C-S, and S-S-S. This made the experiment a split plot in a randomized complete-block design with tillage as the main plot and crop sequence as the subplot. Plow and chisel treatments were applied in the autumn and disk treatment was applied in the spring. All tilled treatments were disked in the spring prior to planting. Corn was planted on 2 May 1988 and 3 May 1989 and soybean was planted on 14 May in both years. Plots were under rainfed conditions. Weeds were controlled by herbicides in the no-till and by herbicides and cultivation in the tilled treatments. In 1988 and 1989, soil samples were collected from the four tillage and two crop sequence (C-S-C and S-C-S) treatments (six replicates) for determination of aggregate-size distribution. Soy- After air drying, =750 g of soil aggregates were separated by shaking the samples on nine sieves with different sized openings (16, 8, 4.76, 4, 2, 1, 0.5, 0.25 , and 0.074 mm) for 30 s. This was found to be the best shaking time to ensure passage of aggregates through the sieve openings and to minimize aggregate disruption (Calvo, 1991) . Aggregates on each sieve were collected and weighed.
Soil samples were taken from three replicates of the tillage and crop sequence treatments in the spring of 1990 and were used to determine the density (u, Mg m-3) of aggregates in different size classes. The samples were sieved to the same size classes as above and the density of each aggregate-size class was determined based on the bulk density method described by Chepil (1950) . Aggregate density was determined for all size classes except aggregates of 8 and < 0.074 mm in diameter. Aggregate density was assumed to be similar for all sampling times.
Fractal Analysis
Aggregate-size distribution was determined based on the weight of soil in each size class (> 16, 8-16, 4.76-8, 4-4.76 , 2-4, 1-2, 0.5-1, 0.25-0.5, 0.074-0.25, and <0.074 mm) with respect to the total soil sample weight. In the fractal analysis, all the soil samples were adjusted to a total soil sample mass of 750 g. Average weight of three subsamples for each plot was used for fractal analysis. A quantity proportional to the number of aggregates of each size class, N(di), was calculated based on the following relationship given by Rieu and Sposito (1991b) : where M(di), d,, and a;-are the mass, mean diameter, and density of aggregates in the ith size class, respectively. Size Class 0 contains the largest aggregates. Mean aggregate diameters and aggregate densities of size classes for the tillage methods and crop sequences that were used in the fractal analysis are given in Table 1 .
The quantity (N(dk), where and dk is the mean diameter of Size Class i = k, was used to estimate the fractal dimension, D, which is the negative slope of regression line of log N(dk) vs. log (dkldJ (Perfect and Kay, 1991) for the tillage and crop sequence treatments. In this analysis, d, is the diameter of the largest aggregates, while the regression line intercept indicates the quantity of the largest aggregates. A test of homogeneity was performed on the data to determine if the D values for the repeated observations of each treatment were homogeneous. After homogeneity was established, analysis of covariance (Winer, 1971) , with log (ddd,) as covariant, was performed on the data to estimate D and intercept for each treatment and also to determine differences between values of D for different tillage and crop sequences using SAS (Miles-McDermott et al., 1988; SAS Institute, 1985) . Interactions of log (dkldg) with tillage, crop sequence, and tillage x crop sequence were used to determine if values of D within each treatment were different. Orthogonal contrasts were used to compare D between levels of tillage and tillage x crop sequence. In the analysis of covariance, the tillage and crop sequence main effects and the tillage x crop sequence interaction test the equality of aggregate numbers at midpoints of the regression lines. A probability level of ~0 . 1 0 was considered significant.
RESULTS AND DISCUSSION
Aggregate densities for the two crop sequence systems were not significantly different at all size classes (Table  1 ). The density of aggregates from no-till (lowest density) was smaller by 6.5, 3.9, and 3.4% than the tillage system with the highest density at 1-to 2-, 0.5-to I-, and 0.25-to 0.5-mm aggregate-size classes, respectively. This may have occurred because organic C in the no-till tended to be greater than for other tillage treat- 3 C S -C is corn-soybean-corn, and S-C-S is soybean-corn-soybean in 1987, 1988, and 1989, respectively.
l l A probability level 50.10 was considered significant. Covariance analysis is usually performed on a data set to adjust the treatment means for the covariant effect. In our analyses, however, the procedure was performed to compare values of D for different levels of each treatment (Table 2 ). In these analyses the main effects of tillage and crop sequence and the interaction of tillage x crop sequence test the equality of aggregate numbers at midpoints of the regression lines. Our discussion, however, will focus on the interactions of the covariant with tillage, crop sequence, and tillage x crop sequence, which indicate the differences between levels of each treatment for D.
Fractal dimension, which is calculated from aggregate-size distribution and is an indicator of soil fragmentation and subsequently of soil structure, was used to determine differences between tillage treatments and crop sequences. Lower D values indicate a soil dominated by larger aggregates. For example, at prespring tillage (Day 98) in 1989, no-till (D = 2.767) had 2.3 times more 6.38-mm aggregates than plow (D = 3.306), while plow had three times more 0.162-mm aggregates than no-till. These values were calculated from the regression values in Table 3 . Higher D values indicate a soil dominated by smaller aggregates. Soil fragmentation was found to be fractal in the range of the aggregate sizes used.
Fractal dimension was significantly different among the tillage treatments at the post-autumn-tillage sampling time as indicated by the significant log d x tillage interaction ( Table 2 ). The fractal dimensions for plow and disk were smaller than for chisel at post-autumn tillage, indicating that the inversion of soil in these tillage systems created a medium dominated by large aggregates (Table 3) . By early spring, however, the plowed soil was dominated by smaller aggregates, indicating a deterioration of aggregation over winter since the D for plow at prespring-tillage in 1989 was 25% greater than at post-autumn tillage in 1988. The D values for plow at all sampling times, except post-autumn tillage, were greater than no-till, indicating more fragmentation in the plow treatment. The low values of D for plow at postautumn tillage in 1988 was probably caused by moving the lower layer of soil, with larger granules, to the surface during the plowing operation.
Analysis of variance performed on the D values over time indicated a significant sampling time x tillage interaction ( P < 0.01). The D values determined in spring of 1989 (prespring tillage and emergence) were greater than post-autumn tillage for all tillage systems (Table 3) , indicating soil fragmentation over winter in the order of plow > chisel > disk > no-till. By physiological maturity, however, the D values were significantly smaller than early spring in both years, indicating formation of larger aggregates during the growing season for all tillage systems. It seems that increased biological activity and subsequent production of metabolic byproducts, and also living plant roots, encouraged formation of larger aggregates during the growing season. The D values for the tillage treatments at physiological maturity in 1989 followed the same trend as in 1988, but the values were smaller. The soil water content was greater in 1989 compared with 1988 (data not shown), which would increase the activity of microorganisms (Doran, 1987) and result in greater degradation of plant residues with a concomitant release of substrates, which may enhance the soil aggregation processes.
There were significant plow vs. no-till x crop se- ll C 4 -C is corn-soybean-corn, and S-CS is soybean-corn-soybean in quence contrasts for D at precultivation, flowering, and physiological maturity in 1988 (Tables 2 and 4 ). The fractal dimensions in no-till were lower for C-S-C than S-C-S, indicating a better soil structure for the C-S-C crop sequence than S-C-S at these sampling times (Table 4). These differences may reflect the effect of the previous year's crop on soil aggregate formation in the crop sequences. For example, the previous crop was corn in C-S-C and, subsequently, the lower D value for this treatment in the no-till may indicate the positive effect of corn on soil structure compared with soybean. The greater D value for S-C-S, however, may indicate a negative effect of the previous year's soybean crop on soil structure. Fahad et al. (1982) concluded that the low geometric mean diameter of soil aggregates in continuous soybean was an indication of the negative effects of soybean roots in building a stable soil structure. In the plow system, however, the D values were not different for the two crop sequence systems, indicating that the previous year's crop had little effect on soil structure in this tillage treatment. It appears that the greater mixing of residue with soil and the more rapid residue decomposition with plow reduced the effects of the previous crop on soil structure. The intercepts of the regression lines represent the abundance of the largest aggregates [inverse log at log (d,/d,) = 0] in each treatment and are given in Table 3 . Eghball et al. (1993) showed that the intercept of the regression line, which was used to determine fractal dimension, indicated the abundance of the material being measured and could be used to determine quantitative differences between treatments. In this study, the intercepts were significantly different among tillage treat- ments at prespring tillage and at physiological maturity in 1989 (Table 2 ). Tillage treatments with lower fractal dimensions had higher intercepts, indicating a greater abundance of the largest aggregates. The intercepts were not different among the crop sequences at all sampling times except at physiological maturity in 1989, where C-S-C had a larger intercept than S-C-S. Tyler and Wheatcraft (1992) suggested that the use of a mass-based equation to estimate fractal dimension for particle-size distribution (assuming a constant particle density) would constrain D between 0 and 3, unlike the number-based equations. They argued that D values > 3 observed in other studies (Perfect and Kay, 1991; Rasiah et al., 1992; Tyler and Wheatcraft, 1989 ) may be artifacts of grain density and size assumptions. In these studies, the aggregate densities were assumed to be the same for all size classes and, as indicated in Table 1 , that may not be a valid assumption. In our study, however, where we actually determined the density of aggregate size classes, we still observed D values > 3 for two tillage treatments and the crop sequences at one sampling time (prespring tillage). Comparison of the intercepts indicated that these treatments indeed had a lower number of larger aggregates and the results seem to be a valid indicator of the soil status. The D values for the treatments at all other sampling times were c 3 .
CONCLUSIONS
Fractal analysis was a useful method of quantifying soil fragmentation and subsequently of expressing the quality of soil structure, which has previously been difficult to achieve. Fractal dimension was used as an indicator of soil fragmentation and of structure for detecting differences between tillage methods and crop sequences. Soil fragmentation differences observed between tillage treatments after autumn tillage became even greater over winter. In all tillage systems, the D value increased over winter, indicating that the soil fragmentation increased and soil became dominated by smaller aggregates. The increase in D over winter was in the order of plow > chisel > disk > no-till. Formation of larger aggregates increased as the growing season proceeded for all tillage systems. This was presumably because of breakdown of plant residue by microorganisms and living plant roots, which provided aggregate forming byproducts. It appears that corn increased formation of larger aggregates while soybean plants decreased it.
